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Staﬁistical Exple.m'bions oz %emalbiffusipn,in Plasmas |

W. E. Mzedor R
BIAQA, Mngley Research Ccnt*.er, Ha.mpton, Virginia,

The sources of electrical currents in plamas oxe divided

into tvo catogories, ons roprosenting the familier mechenical

forces and the other deriving from statistical principles nct ki :

~ found in the dynamics of individval electrons. An heuristic .

* epplication to the labtter of Onsager's maxinization principle

foxr k‘bhe production rate of entropy yields a xeovised iunter- ‘

 protation of the collisional comtribubions to the elsctron 7

 equation of motion, an e@l&nation of thermal diffusion, and

5

{instead OFf Loux}, Checks are pxovided by the rigorous

© theory of Chapman and Enskog. -

LNIRODUCTION

for instance) to fluxes in gases aannct be expla.ined in terms of the ardin&ry

machanical forces of simple kinetie ‘Lhew;n Altheugh sueh ;}hennmem emerge




= 2 e
subomabically from the rigorous kinetie theory of Chapman and Enskog ,‘1‘ the

answers raveal nelther the physical principles involved nor their modes of

operationy consequently, some effort should be directed toward £illing this

gape. XL the driving f’ox‘ces in question are uot the cbvious onea {electric
- fielde and pressure gradients}, they surely must be stabistical :an natwre,

: ‘ vhereupon the second law of thermodynemics or an extension thereofr is -
imnediately suggested. | S V , | , ‘ ‘ e
A fundsmental iheorem‘e of irreversible ‘chermodynamica that might ap:ply s
states the :following in ‘bhe absenee of ma.gnetia fial(ls: :

S%Sw-»%sagma.ximm, T &)

vlaera, S is the total yate of enaropy inerease of the plasma. system proper,;

#

is *bne rabe 8% vhich entropy is yielded o tha envmonment » and s - is <
the rate of entropy yroduc'tion by eclliaions, le.e, a:sg ; ia the rate of -
dissipation of free energy. Singee ‘ ' | sl
‘ ’ ° ¢ ’% . . . - :
E=8, -8, s (@
T Eqe (1) can be identified as the Onmager maximization prs.ngipleB Tt
8, = maxlmm st | (3 o
discussed by f{ohleru and by Robinson and BernS‘hein5 in thelr steady-state '
verfational studies. | o . | R
Wa, however, propose g more hawristic appl:acaﬁ;mn of Et;a (3) than tha.‘e. ;
which nommally appears in work devoted to variat».ﬁnal mathcda of soltxt-ion of

the kinetic equation. It L“i&f mgxpen, for amle ’ even wi‘hhm aenzsi'tm




gradicents, that collisions cceur more frequently and thoreby are ecapable Q‘P

producing enbropy more vapldly in th&in mgﬁ.om of a plasma than in crbhex's.

Since edditional particles ilu such reglons would enhance ptilld further the

overall Sc, at least the tendency of electron flows thereto must be posb\ﬂ.ated.g;

in oxder 10 sabisty Onsager s maximization principleé - This, in twn, implies el

4 statls iCd.l driving fores :"?, ; the exact character of which will depand on

shatever criterion (wost lilely the collision frequency) is best suited to

measure the ent my-—pw&ucing ef:ﬁ'iciency of plasma reglons, It ls In this

 sense only that we explain snd :f‘omula'be F as the driving foree i’or tharmal

dhi‘«.mion, x.uch qucst:z.ons as goncern the actual pnyslcal mechanlsn throwgh
whiech *ha entropy principle operabes Lo produca F being left for :mrther

considera.tion.gmen 80, much quantitative Information is cbtained for very

little effort.

The application of Onsager's principle to a fully ionized gas with electric

fields ond bemperature and pressure gradients {magnetic fields ave more compli~

- ‘cated and are congidered only briefly) has three advantagess =irstly, i‘t

suggests & revised interpretation of the momentum momont of Boltzmamn's collision
terms; secondly, it provides a bebter understanding 0:'--{733‘1?'&@ origins of thexmal

aifivsion; tluii*&ly, it dntroduces forms for they currezi’c{ density and heat flux ey
that ave col;isionvaei)endent through only one parsmeter (iustesd of four) and
wh;.c,h ara checked by the rigorous theory. For convenience in owr analysis the
follw:mg nodel iz assunedi s*tc:a&ynst&‘sa conditions, :1‘:‘\3,11 ionimticn, infinive | :

naspes for 'bho ions which therefore serve ;pmncipa.ll; af; sc&t‘oaring centers

. for the cloctrons, zero z:iag,zm and ion ;tlcw vemaitles, and zero local chafge




ﬁ};w

density by reason of the sccond~order character of Gavss' law in electrostatics.
This lost condition; cowpled with the first, impliocs & s.,"atem suil cientl,}" '

aged for the necessory spatlal dmtribubion of ione to have occourreds
SEARTSIICAL FORCES

The electron’ aqm’cion of motion for 'bhe above conditiom ia found :E’rom

‘the momentun moment of the Zolbzmapn equation to be

| ?.(%I&).a - enE+ IXB ~§ (kpe@;é;})

-

a'e
 and magnetic f£ields, (c 5 ) is the average of the dyadic fonned :ﬁ‘rcm the

whera n, and p o O¥e electron mamber and mass aenaities," va. is 'the aleatron
-~ flow veloclty, J is the curyent density =~ en v F’.. and B axe ealec‘bric fk SNy

particle veloclty &, £, is the electron distribution function, amd b
Cand & arve the impact paramcpc" and azimwthal engle for a bina.ry eollision.
Since the standard first-order e}@ressz.on {see A;ppend.xx A) C e

e KT 6
g k’ e2 s Y, @ " m '
-1 ‘:s:‘e Ve ; ce (e >< B) 3'5‘"
«—-3. {O} - - o - B — R ST 5
ohviously yialds the porturbation Function @, ae é Lincox a\ambimtmn Q:ﬁ’i’f SE s

teyms, each of which contains the factor o, ey’ or 0%: ﬁh@x‘e aa,n be no
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g, ~contribution Lo (5;5' Q); consequontly, we ahould oquate V¢ (p (E’ 3 ))
bo the gradlent of the electwon prossure Dy Additlonal notablon In Iq. (5}
inciwdes the Maxwelllan funcblon 1( } the @1@ ron em;aaratarw's ﬁ' an&

(cn) Vb

Equation (&} then yeduces in the ateac?,y aﬁ:ﬁm to SE

g >4

the Lorece conbination € = §

4

)

- ' ‘ . : B
the synbol P, xeplscing the inbegral terms in the original expression and

eleoxly representing the momentwn gained by electrons per unit volume por

wnlt time due o collisions. Collisions, however, ore rxather tricky in that

they have tyo entively separate offccts; each of which 1s pertluent to the

—5
nomentia equation and particularly to Pe: firstly, there is the obvious

. . bacd - B
dynanie property vherchy cimgé or friction forees BG oeour hetween electronsg

and ions In relabive flow wotions; secondly, entropy is :groducea and supplied

to the fuconplotely chaobic enviromuent. Aocordingly, we introduse the

ptatisblcal foree :{‘ mom:ionecl previously and write P = D + F and

- > - - ) . ) - : ‘V . L
Deaenesajx:a‘—yg. E , (7)
Hefore procesding with the heuristic Tormulution of EF’ we find 1t

imtrm:’we 0 exsmine & more Lmediste aspect m‘? the combination 03? Ecp (7)

with the femiliar current density (B = 0)7

‘jacc%'aw B )




-

| the coefficients of which are the clectrical conduetivity o and the thermal -

p—1 - SETR e
- diffusion . Since D vendshes with ¢ Iryespectively of VI~ when B 2

b

is zeyo and F, 18 dgnoved {asswing this to ve consistont) , it 1o cleaxrly - -
possible o have currenmbs without drags or, by simllay argumeﬁba, drags

without owrrents 1€ thermal diffusion existse Such predigtions are surely .

-nonsense if our coneept of drag has any meaning amvalls‘:cpnsequently, we assert

that f‘; canuot be ignored in vhe presence of thexmal difﬁwiqn, but rather

16 the driving foreo bohind its I addition, ve insist wpon the ususl friction

80 that Byse (?} and (8} yield

Feffmyd) . @

=ity W)

oy B = 0. , ‘ ’
Actunlly, this dependence of gs {or rather ge) on VI, haé been

C kpown Tor some time, bulb the veasong glven geem incorrecte Spit.zer,e for

exanple, credits the phexomenon to the velocity dependence of the collision |

. eross mections} we shall show laten, however, that rigid spheres exhibib }: : :‘

even though the efcm sechions ave constant. Besldes, the bempeyature e

gradiont per se aypears to have Little connection, at least directly, with
Sy e




“the enbropy principle that was postulated sin tha ﬁn‘i‘.rodue“bion to undexrlie F o

. C )
s
s ‘ P 8

#

We Vherefore expect Ege {1L) to be a somcvhat disquised version of what is

voally hoppening end $hot corbain siuplifications may oceur 1f the statistical

force 1s exprossod more appropriobelys

This, of course, rcturns us to the question of what, 12 not tmn;pemtura, g

is the beat cxu.tc:cion with which b0 neasure 'the enbropy-vprcﬁuoing efficiency

of nla.ﬁm rvogions. Ik wes suggested i the mro&ucmon +hat the collision

Trequency zirovmdes the correct nmagurc, accordingly, we adopb tbs.t para.metex-'f :
in the form of the readily availlable electricel reslstivity 1. Regions of

high reslstivivy thus corresponding €0 regxom of high entxopy x:roduativity,

8

'z»‘s mesh bend” 4o dvive electrons hereto in ovder bo enhonee the proﬁua‘bian

vobe sbill further and thereby satlsfy Onsager's ma:einﬁzaticn Principle of

Bae {3). Hence o postulabe F‘ as p“'ozzortional o and in '%;he Mrection of

the @sis“aivﬁ;y graedient in Llrgt-order theorys

- Oux choice of 7 as the besht measure of the entropy production xate

- clearly emphasizes electron-beavy particle collisionsj in fact, no other kinmd . . -

contrlbubes 1o the smle mean~froe-path resisblvity. Bome ecredence for the
deslrability of this collisional properiy degjivea Sran the eiunilay emphasls
displayed by 1;;, the eollision iﬁtagml of Bge {4} vanishing when the index §
denotes clocbrons. Even so, electron~electron encounters do influence i‘g
and therefore asswie g major reéyonsibilii&y in tﬁa afi’arﬁ o coupensate
friction {drag)~induced d::.,amzmom of the Maxwellian velocity dis‘cribu*aiom

Two such Qmenu"mﬁuﬁing clec‘i; on-electyon effects are deﬁec‘oable: firstly,

‘e - @ collisions lower o %o ﬁccruaue the parbs of Ega {10} ‘%:Qbe'bh&rs

sacondly, They :mad:y’“y the entropy production m’aea ﬁmfferamly in di’ﬁf’erem
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addibion, :3:1131::3 {:

,"8”

—

| resistivity xeglons s0 a5 to diminish the original cauce of F,. Consequontly,

57

we can expech a reduction factor in 'Fs of the form {2}, whore B should
decrense with decreasing jonle charge Ze because of the relative enhanccrent

of clec b::cn-eleezron ef i'@(!uﬁv A reasonable exprossion for Fa théy becones

Fomplopy =~ pl@pyvine, (2

in shich p provides the simplest means of obtalning the proper Lmits anﬂ

8{7)}, except for the general trend predicted ebove, is mmdetemined.

Bquabions {11} and {12} are consistent only if
prvgeeay inf®, , (1)

but e Shall reserve comparizons of this mature and aloo the deﬁerminatiﬁn of '
{3(2’.) for the following section on rigorous kinebic theorys. Meanwhile, the
:Qz’Gan“L heuristie drwvclomcn"a is completed by the s\mstitubion of Eqs (12)
inbo Ig. {10) to give

I RGO AT AL EELNCN ;’v(pe - G- amevv]

SR , , A ()

bl
S

An inberesbing property of Eqe {14}, especially if B = 1, is the emphasia
placed on the variablon of the product R0 Cingtead of jpe alone. A certain

anmowns© of symmetry ie thus introduced between the currents arising from

'z:sx'os‘mu"* gredients and those induced by nonmaghebic statisbical foreese o
Y

8) ;‘3( }p Vo ig identified with thermal diffusion, that

vhenononon appears as the manifestation ahr uph F S of o statistieal
B w

Cmoocimdivation princivle (Onsager's x_,mm‘*y \»hu’.‘)s‘j) and is only incidentally
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involved with the tampersiure gradlent. We shall soon diseover anothier reason
for beiieviag Ba. (L4} to be o more fundamental reprosentablon of J than 1s

the convenblonal formilesion with Ve
KIKMIC Tfmoﬁ'}.’

The verification of Bge {14} by kinetie thear,y' requirea the galution of
the perturbation cxpression of Bg. (5) with B = O Since nany of 'h‘ne &eta,ils .
of present inberest occur in Lorentz pases (la:ga :‘Lcnlc charge Ze, ° -e
collisions noglected), and sinee ex et Lirst-~order aollxt.:.ons are ob’caincd for ! ‘?;
such cases, we shall begln the analysis with this sinmllf:x.camon and generalize
lotere. E‘or'rc-:asons saori L0 0@33@'&:* 5 all z‘esﬁl't aYre Qbmlned 'i:hree times - onee
for Coulonb potensials, again for rigld spheres of collision diame'ber d, and .
finally for the general’ = potentiale A convezmzm notation for the i ‘
simaitmeous Xeﬁfﬂmflﬂv@«ul()ﬁ of these mhraefm.a answars ia the bmeke'b-gemicolon-.”?
| sammalombxmmn : | Co . B
[Co Lonb. n:'eaul““ x*igid.' sphore maul?b; r..a, %éault] ’

Tieptron~ion ¢ollision inmgra.x.a are founrl ﬂz.rectly fmm the f:mis:.on
dymmiesg to satisfy

(%& = ;’Q)b db et = %L%Qél) @ Qﬁ}k f{l - ﬁOE &)}J db . o

r% z%"m AL L2
Lt % : S
e A
s e |15 B 5 Zody MO
oo 1 \ M B ¥ &
( gt e) _;ﬁLye ; -
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Whare Ta is a wait vector in the dirccbion of ths wreduced electron “pafsic}.é ,

iz tha scabtering angle, A is the ratio of the Dobye length te the lower

Lanit &m\ b, ° 46} 4is independent of '}; and T g I(e) is the fategral
1) = £ WA, o (16)

and o is the ordinary Lorents electrical ecnﬁuctivi'by (IT; only) given‘byn -

P V7= -
22@2 2‘@{3\ _ e o ; g (2,,5)/5 : .
61’4'@: 1{5/3( i, ’ Z‘O“eum“ ,pd‘zlﬂ , ( ’ ) | . ‘(l’{); -

These mar sions are exaet Lo ripld sphevres, buﬁ Lerms of ordex un.wy
are na{_,lGC'Luu coquaxﬂ vith In A dn the fonlomb case. I‘s‘» 1a mrbher mte&

oha't the Coulond end rigid sphore contribublons o the beacket in 'bhe last

porb o;f' Lo {15} axe gpecial cases (B = L and fv} of tha :g’"&r resul‘b‘ Acaordmgly,
wo vrite ; . ; ‘
. ) 2. 2 A i :
‘ i) A e
(",{}e - ‘;(Db b 6&11% 3./2 ?eh/& E I : (3.8> S
(Qmu 1@) %, , . »
. V

Ask can now be verified by direct substitubtlon in‘co the Iorentz form {sec
Appendix A} of Bg. (5) with B = 0, the pertwbation function end corresponiing - =

currert density and heat £lux are glven by




w g =

' By iz . s e |
d=mE e, ?e Fo,e  ®in©dededy,
. - ,_;, koﬁﬁiié - E}} - ' ey e

o,
= --m m YA ?‘ai;o @ z:»:i.n @ s:icg) a.a dya

The c@llmsien J&cpc.ncleﬁce of .3 and q is aeacfibed e@licitly by the twc

;oaramotem a a,nd G, {5, Do A, b oor ci), and we wonder if the aeccnd.

_alone can be ma&x. $0 sullices

'Asidé“ from variations in in A, which yield the gecond sbd third
i contributions to &0, 1m AV in g {ch.anﬂa); (3in A = 1@}\?]36 + (nék)"lvp
 and therefore must be omitied for consistency with Egs. (15)-(21), the

© Iorentz conducbivities of Eg. (17} are propcrmonal *to T 5/ 2 Y “1/2,' and e

a

e(l#“g)/ €2‘3} s res;pec’tivel.h BO ‘tha‘h

Vo = (226)"2'%(& - %)V‘I‘ : o (22} :
for all potentials (& = 1 end « Ifor Coulomb and rigid sphems)v Equatiens'?‘,f o
{20) anda (21} thus become |

,Sé'czzg-é- e"ji@@*:!c;im czi:ﬁ + (ene )"lv@a%) S | {23)




— . Py [5 via o\ [~ B Cp, o '
qw.‘gﬁ;‘(‘é’ m>(3‘%‘en VZn’Te ! o ’(ah);

@
the first of which, since c{z = W} = Gy agrees ﬁzlly wi'hh Eqe (14) pmvided ,
g} = L. There is 1o problem with the ratio of gradien‘oa in Eqs (215)
because v% a.n& VT ave in the same or opposite direationsy Still a =
third z:epresentatxorx of E’ aud .q. is glven in Appendix Be : ‘
Cne advan‘cagé af Eqé. {23} and (24} over the mathewatically equivalent -
Egs. (20} end {2L) is obvious: Vhereas the old set of (20) and (21) Qlfplicitly
conbaing bc»th & and & | and therefore suggests a fxmctimingof th; eieétroné
ion force lav in adcii‘bion £o i%s role in the ecollision frequency, the now sel .
speaks only of.’ the coll;sxonnmquemy aspect and haw 1t changes over & ams.ll
region. 8ince the yepresentabion with the fowest parameters describing &
particular phenomenbn {coll:fasions in this case) nommally providesthe most o
fundamentel identificabion with physical principles ; wa conclude that the :
- aforementioned mulbipurposivencas suggested by Eqs. {20) and (23.) has xo real -
o significance.‘w This, of course, SUpPOIts oux egrlicy proposition that thermal 2
diftfusion originates more bagically from chr ‘then i“.mzh w o because of the
more direct assac:s:aticn of the former with Onsager's maximizatioh prineiple
| for entropy production vates. IR | o
T is of possing inberest that *b;x'le factor {i = &) appears both in ‘bhé
thexmal aiffusion term of Bg, €20} and in VCSI‘ of Bg. (22); accordingly, the =
 wellel oW J.@alluﬁ‘fl 0;. Maxwellian molecules {§ = l:-} to exhibit *bherma.l diffusion '

is ;.;w@amw‘év relabed Lo The pa,swal aanstancy of the cameapenﬁing elactxic&l
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conductkivity. Nonexistent in this case x;z.rts the regionsg of ’higher entropy
prodaoction (i‘e' s higher collision froguency and rcsim;iviﬁy} toward which
olectrons generally wmust tend to [flow. itional characteristics of these
very speclal moloculos are found in the swbsequent sccblon on maguetle fielda-’
Now that Eqe (14) has been verified by the kinetic theory of Lorentm
plaswas, it 1s & relatively sim;olg_ matter to find g{z)¥ and thereby convex't ‘

l:’ for exauple, have computed.

%o weal fully ionlzed gc:.sos. p,gi“irzez' ond Perm,
| the vy, and y, veductlon factors in R and a = 71'“1:’ 80 'cha,t & :
straightiorvard translation (vie Hgs. (l:,),, (3.1&) s {203, sna (22)) of Bg. (8)

to the present anslysis J:Lelds*

.j = aE +) )3[\/ :9 c) (77:3 7,‘9)3) Vo] : E (25) u

) and the stebistical fores

?mv/zlym'pVZIiGs" o {b(gé)

" The follov rmn ;pz'opex-’plesl are obso:‘ved.’ fiestly, Y and rp axe functilons
“only of Z for a given scb of interaction potentials; second]&, each of yE
and g ap’oms.ches wnity in the Loventz limi’u of infiﬁite 23 thiniiy,

Blz} = v, -yn decreases with decreasing 2 in agreement with owr spacula.txona

. on the elscbron-electyon reduction of 'bhe magaltude of F .
MAGRETIC FILLDS

Statistical Forces also occur when magnetle Tields are applied to plosuas.

For purposaes of the praesent lovest igauion we agaixz assung g fully ionized




Lorentz gos, bub this time with oll gradients set 6@ zero. Equation (5) for

an electromagnetic field then has the uoluwon

e /e | -
“17q W, 2, 2 ::4.~b} ) 2 2(u-8)/8]
Yo & 7 110;161{6} (21ﬂ‘a> [3' ta ( /‘] B {[‘l +,& 7s | )/JE““

,,rg{ + oy, {4 b}/b B X Ej " d : (27}“ |

where iii axnd, B are the componenta of 33 pa,rallel e.n:i perpendicu&ar tn :

)

B, @ is the cyclotron frequency eB/m , 1 is ‘bhe cell::.sion time

-1
(aane) myop, &= :zl/ 8&?{8}:{% 3*, and I(&) and. GI: aye g:.ven ‘by Eqs, (16)
and {17}« ‘ ‘ : '

e x'low'defk;me‘ S (’53 as the mteg’rai
B

the curyent dens:z,uy and heat £l can 'be wrlt ten N

3 = GI[EAQ + Sl3(6}:§4_ '4* ad l(%)B Xﬁ (29) “
— 2(L 030 - o ;
am 8 %5} - z(l - o}s l(% Bx?} .  S ’ (50)

ci the swxpie meaue*zrae:-pa:th erﬁﬁi@ixﬁl

ﬁi-@ang% B

B

Tt is cbserved bthat Hgs. (29} and {30
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and -

. = - op (2@&'%) f”j = onl, v /2 =n S (:)2) o

ouly for Em:ezlwa molccvmr*" {6 = 4). e new vector h is the emthalpy

Tluxe
A moro enlightening voprasentation lo ‘Lhe fohomng se’s c:f aubic L

&z-mmm lon Fopmiloe:

a[l‘:«aB:,l'«’ *9‘\322“3‘3},&0)3%3] | (,35}

3.

and

.L 4

s ,,, ?, G(b"l}} g N ——3 ' ‘ AN '* BT

where
rd 43 2

%ﬁm“[ﬂ@3? e ax  ;“ (w}j,,

Tquation (33} conbines with Bqs. (7) and (9), and therefore with

-

to give the ma,g;matic stwmmicai

e

) ‘ / « . . 2 B 5 )A y — ’ . ...p

o

since afb} = wr axd 322(1;-) = By (k) = Rm{lr) = 1, Mazwelllan molecules

again &“@m & vaniching Foe ‘:E"im leading (“chrouuh a } 'b@ms of Eqe {37)

con be weritbon

= ofE - Qm)%r+5&sﬁ, f 2 f@§) ,

T G RER
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ey

o

- 055 oo

- {S} Qﬁ, leﬁg GJJ X.B % 80 (532 [20153 6038; G]E o : | (38) |

) T
- %
PR A ()

fal

©ia whmn the br&c}rcu nosation dntroduced ;:revicms w Eq,e (l)§ 8 enmloyed[sﬂ/«rﬁ

25 & rinel, enalyeds, we compute £rom Ilqa' (9§ and (58) ’the total cclliaional
- momentun translor ' o e ,

- ) - ‘ — -~9 ' -— &
'P D }3‘ @ e (ﬁgju’?"ﬂl& %ne,j)(}}) o
6., m 3 ® [a(a::r} 1I‘22 - 2;‘3 X’B +ena (le Rga )E ’ (39)
'z-zhe;cé ‘i:ha resist ivities are defix:od by this e:gprassion a.nd Eq. (33) to be

, fly % 1w ae (I%g_ - Re;) ” %{l + m‘qwa[aaw; 0.38; 6}1 " (m,) i

Spi’ozer,é On the other haud; sels 7}3, ecual to no (exceph for stz'&me; : ,/ -
B} and never iwbtroduces the concept of a component of Pa ;garpandicul&r to J;
consequently, he lgnores T, and ‘therefoxve misses important contribubions of -

order . His current density In terms of the perpendicular and Hall

conducbivitics cf& and cﬁy fopr exauple, becomen ('to order o 1'2 ) o e A
- s A — — 5 : 2 By
e g Hy * o B -’.~r""§<4;;g{i§;4‘%‘”‘" 1~ )E"" X
J= ot o ¥ g EXEmql v g m @MB s

(&3)




tha ecomparison of which with BEg. {3%) yields

65:9@8{3;’;%;} - o;(&gi‘%:.zc;zz"} -» %(a.' " . mg‘rg) : (M&) ” i

| %{meucn’&} Cyﬁ%i’bz«w) * o 1;2 .o S (45) .

We seé Lrom Tgs {bp} thet the second term on the right side of (h,‘)') is 95
pereeut of -Lhe fivet, 50 that Splitzer’ s neglect o:? Ny is quite aerious.
The pencralizations of Hgs. {(4b) and (l:fj»} %o real plasma,a are avai]a.ble in
the work o;. Schwei zer and B«Laehmr.ls
’ Although accuraibe cuyront densibles expressed in the fomm of 'bhe first‘.
v equallty of Eq. {L‘«B} are fox from ne'@:,j‘ﬁ it is perhaps more advantageous to

Gy 'by the present

| ropreseris de*a&r*um.ﬁ Trom simple mean-free-poth theory
~ scheme than by the customary procedure of altering A and - (3{" More G
| - specifically, wo ask ifc’ 4, ait "‘werct from  ny and Mo dlffexrent from zeyo
- in Eq. (,;9} ; or equivelently F different from zexo in Eq. (38), can provide
f"smﬂu clue 0 the underiying Suaw.gwcal prinelplese Unllke the F tor L
| - thermal difiusion, howwex*, .uq,, {58} has no iumediate intexpretations Whaiz,
for example, 1s the dilstinguishing feature of Maxwellian molecules thab e
© produges zero %"; Wo know only of the spatlally coﬁsi&axrh resistivity
; %“l{“é = 4} exploi’zecl earlier, but that purameter secms of 1ittle interest to
the p.,e,seau situation. There W be some connection with the variatioml
| sbhudy by wb&mon and Zerns uem, parmm&ar«y ﬁueir digcussion of two mini-mx :
principles relabed in one instance 4o the entmmr production rate and in 'tha

obher bo the adouwt of ewbropy stoved {in the form of flows} in the systeme
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SUMMARY

The previously weexplained factors governing thexmal dii‘rus:ion in Plasmas
are clayified by the applicatlion of Onsao‘ar 3 maximizetion prineiple for the ,}, ;
collisional production rabe of entropy. This :principle is the underlying
cause of an electron force in the directlon of and proportional to the ,
ﬁ*asistivi’cy grédient; conseguexbly, the i-esultirg dirtusion (ealled therﬁa.l) .
is mora mcmdmmlly than directly related to the temzzerature gradient imamuch‘ '
as the latter only :px'ovides the means by which the resistivity varies, |
Additional evidence that resletivity is the more basic coneept derlvea from
“%he :Eact that collis:io_n phenomene, gopear in less complicated forms when thermal,"
| diffusion is so axpressed. Stabistical forees of anobher character are |
associabed with magretic Plelds, but the same level of wunderstanding 1s Vnot
, dbtaineﬁ.~ In all cases, hovever, IT‘; must appear in the electron equation of :, :
motion as & comgributor to the momentum mowent of Bolbzmann's collision terms,
and it 1s ivn this respect wore than any other thm’ simple me&n-'frae'cpe.tb
Theory falls. | ;

Fimlly? o8 regards :ere research, it would be interesting to discmrer .
the setual physical mechanilem through which the Ongager maximization prineiple
'o:gemi, 5 b produce f « 5. D. Staton of the NASA. langley Resesxrch Center. |
, ;zom;z*ia ies the i‘di_wk,.} ng phf)’l‘_}uu T6 scems clear that Fg ' must'relaté to) "
Q‘%:’;é spontanecus thersal £ tu&:@x ong c\ ating :Z,n the saystém» In viev of the

rother crude siml ""/’J.ii;f‘ boebween Bge {12?;} jated ﬁggms’c‘m ‘ﬁneo en for 'hhe t‘lemm,i




10 e
ks,

noise genorated by o resishor in thermnl oquilibrium, one suspects that i‘i}
my be possible ‘LG copbinve In some form Rostolex's gcne**aiiaatiﬁn% ‘tG
*t.hezizm novequilibnrl m; of vhe ilmtmmonmaissmaalon '&-103:’1: of C&llen a.mi 5
| wel’boz';,‘l? 1.8y L0 ;’emove “the coudition of s’oatio..'t homogeneiw and thereby
 gain a procise identification with Eqr {lcz} 33, Qs m:iscm, alsa af the

Langley Rescorch ﬁ\.zr’wr, i pmm.mly conmderind, emch an ax:tanaiom :




~ Eguation {57 or ‘the text derlves atraig’n‘cforwar&ly from the Boltzmann ’
equation modified by the Chapmon-Enskog perturbation paremetey § in the

following weys

o - or

e o . - E... ;) ] > - A

st gt Vi m@é..-» £, X B) o =

-1 (-f.j . o , _ L
= g %: (Ety = £y )iﬁa‘ - cjlb als amdtcd s L (A}.) .

3

yvherelin ?,,"l appears with the magnetic foree 80 as 1o emphaéize ‘the large

Iy

¢lectron particle veloci'ties,l The substitubion of

£ = Le (1 * "c"e) - o - (42)
and,
. 3/2 ~ R
Lol ® R EaE, ) R B )
; e ) 2] : s
then yields _
T T ) gy
g -g.; cvf(a)_?...tpg e - > c”’xg " ©
St e e m,” 9, m, (e ) 35-;‘,;
i 5(0} .n(o} ”1 . M’? - . - — - - ) 5

for the Tivsteoxder perburbsbion expression.

o . o i
Since ﬁ‘i ) depends on time only through n ., and Te" we have

s
0r:7/3t = 0 in the sbeady stabte considered here. Also _
, : | |




, C , -1
f‘ter multiplying through by (ef(°)> kP .

and .

. ; R oy @

S e

@

a , e
For the fully fonized Iovenbz gas discussed later in the texi;, 'bhe righ*c.f;f'? o

side of Eg. {A7) is written.

ORI

Por the conditions expressed in the INTRODUCTION. Thizs followa a little more_} o

3
divectly from Eg. (AL} with £, =L, @ = O, and especia.lly

ffi Q,(E; = _i_‘},i’z: Zulﬁe ™
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Fguabions {23} and {“l'} of the text muy be rewrrri"cten ea follmt

- p YD q L, B (923 +16) 1 S
LA Uf—{unev 'l.n‘,zf} °F heaz'x 2&2 | V % ol 4 v (32) g

sore B 15 the entholpy ﬁ"lux 50 1T, \7 72+ The standerd MGversibza

. 'Lhc‘mc:aayﬂm;ic formilation £or geperalized flwxes ond forces then becomes

- 7 :@evzn GL« "
¢ : en ¥V in T, R st
- b DV in o '1:2(9@2+16)_ :
EZ”Q *egvmm L 2 o2 “Vial
. @ @ Le"n "0 o

in which Onseger's reciprogel relavicn is revealed by the symuetry of the g

coafficient matrix. No Qifflculty ils attached Lo the ratio of gradlents

) because v in %, is alwoys Wallel oz opposite to vV in ’&‘ +» It is further |

: ohservod that off-diagonald, cou‘nlin»s vanlish for Mwell:ia.n moleculed,

Since tempersture times the local zate of irz*eeversible entropy px'odmtionf

| {QO?.liuiQRwl? iz the sum of products of cﬁrreg:gonding genemlized flwcea and i

forces, Bgse {83); {7}, and {9} immedistely ;zem |

) _ . . | | . ”l 0 . ” »»V.
75 meejo{d-b) s VinT, = ( e) (13 +F) *+J={d=n)»vin®,
ot (e ) T (@B v, )

the various parts of which relate the guantities normally used to desoribe

encrey dissipabion.

LTy
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Flondldy, we can ueg

Y =

(: . . 3 .y D ”l a{o) ) ’ . '>b v utd
T3, w B, [ a\mr) 96, <5 B j Cote ,‘*”e({*”e Ve db de g,

| | | | (85)
and Eqs. {27) end {33} to compute the local energy dissipation rate for
 electronsenetle fiolds. There results the following a:rtpa,nsion’ valid through _‘
a3

- 2 2 veV o A 62] i
Tofe & (52.’.:[3‘ " BBy ARy (B :«: E)

)

H

4

& second wepresentation of which aerives from Bgse (7Y, (9), (38), und (B6) -

@ £33

o be )
b = (ong) 0 ) Vro e Pl - et G0
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